Growth of Escherichia coli based upon the fermentation of glucose, is associated with a low intracellular level of superoxide dismutase. Exhaustion of glucose, or depression of the pH due to accumulation of organic acids, causes these organisms to then obtain energy from the oxidative degradation of other substances present in a rich medium. This shift in metabolism is associated with a marked increase in the rate of synthesis of superoxide dismutase. Depression of the synthesis of superoxide dismutase by glucose is not due to catabolite repression since it is not eliminated by cyclic adenosine 3',5'-monophosphate and since a-methyl glucoside does not mimic the effect of glucose. Moreover, glucose itself no longer depresses superoxide dismutase synthesis when the pH has fallen low enough to cause a shift to a non-fermentative metabolism. It appears likely that superoxide dismutase is controlled directly or indirectly by the intracellular level of O., and that glucose depressed the level of this enzyme because glucose metabolism is not associated with as rapid a production of 0., as is the metabolism of many other substances. In accord with this view is the observation that paraquat, which can increase the rate of production of O,-by redox cycling, caused a rapid and marked increase in superoxide dismutase.
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The production of 0.. by the univalent reduction of molecular oxygen is a commonplace event, and the superoxide dismutases (SOD), which catalytically scavenge this free radical, appear to be essential defenses against its potential cytotoxicity. The work supporting these statements has been reviewed (5-7). Recent studies of Escherichia coli K-12, in glucoselimited chemostat culture. indicated that both oxygen uptake and content of SOD increased with increases in specific growth rate. The level of SOD, manipulated in this way, correlated with tolerance towards oxygen toxicity (10) . These results and others, in which the level of SOD was modified by oxygen induction (9) , support the view that SOD is essential for the aerobic growth of E. coli. During studies of the regulation of SOD synthesis in bacteria. we noted that the presence of glucose exerted profound effects, which gave the appearance of catabolite repression (H. M. Hassan RESULTS Effect of growth medium on SOD content of cells. As shown in Table 1 . the specific activity of SOD, present in cell-free extracts of E. coli B, was strongly influenced by the culture medium. The level of SOD was not a simple function of growth rate, as is the case in glucose-limited chemostat culture (10), since growth was slower in TP medium than in the nutrient broth plus 0.5% glucose medium, yet the SOD content was two times higher with the former medium. Furthermore, cells grown in minimal medium containing succinate or lactate, as the sole carbon source, contained higher levels of SOD than did cells grown on glucose.
Changes in SOI) during growth cycle in TSY medium. Figure 1 presents the changes in pH and SOD content during the growth of E. coli K-12 on TSY medium. Growth was started with an inoculum taken from a 17-h culture in the same medium. It is apparent that both pH and SOD concentrations declined for 5 h and then increased again. At zero time this medium was found to contain 13.9 mM glucose, which then diminished during 5 h of incubation to undetectably low levels. Similar results were seen when E. coli B was grown in place of E. coli K-12. These changes in SOD were seen only with rich media that contained glucose. In contrast, growth in glucose-minimal medium was not accompanied by marked changes in SOD. Thus, growth of a log-phase inoculum, taken from a glucose-minimal medium, in glucose-minimal medium, exhibited a steady decline in pH during growth and no significant increase in SOD (Fig. 2) . These results suggested that glucose might repress the biosynthesis of SOD. Effect of glucose on SOD synthesis. The influence of glucose was investigated by shifting cells from a glucose-minimal to a TSY medium. As shown in Fig. 3 , growth under these conditions was diauxic. There was an initial phase of rapid growth, which coincided with a decrease in pH and with consumption of glucose. This was followed by a lag in growth of approximately 3 h, after which growth was resumed. The growth lag was presumably associated with the synthesis of enzymes needed for utilization of other components of the medium, such as organic acids, amino acids, purines, and pyrimidines. The increase in pH following the exhaustion of glucose is consistent with the use of organic acids and nitrogenous compounds as an energy source. SOD content declined slightly during the growth dependent upon glucose and then increased sharply during the lag that preceded the second phase of growth. The influence of glucose was further probed by shifting cells from glucoseminimal to a TSY medium, which was devoid of glucose. Growth under these conditions was associated with an almost immediate increase in SOD, and, in the complete absence of the repressing effect of low levels of glucose, the growth lag was imperceptibly short (Fig. 4) . It Effect of cAMP on SOD synthesis. In E. coli and other bacteria, the biosynthesis of many inducible enzymes is regulated by the intracellular level of cyclic adenosine 3',5'-monophosphate (cAMP) (3). Glucose reduces the level of cAMP in these bacteria and thus represses the synthesis of these enzymes (13) . Exogenous cAMP overcomes this repressive effect of glucose (17, 20) . If the effects of glucose on the synthesis of SOD were due to this sort of catabolite repression, then we might expect that cAMP would eliminate this glucose effect. E. coli B organisms were transferred from a glucose-minimal to a TSY medium in the absence and the presence of 8 mM cAMP. The results demonstrate that cAMP did eliminate catabolite repression (Fig. 5) . Thus, the lag in growth rate, which occurred as glucose was exhausted, was not seen in the presence of 4 . Kinetics of growth and SOD synthesis in E. coli B on a glucose-free TSY medium. Conditions were identical to those described in the legend of Fig. 3 except that the TSY medium was devoid of glucose. 5 6 7 8 9 10 11 12 cAMP. cAMP did not, however, have any effect on the kinetics of SOD synthesis under these conditions. Thus. SOD content diminished slightly during growth on glucose and then increased rapidly when growth shifted to noncarbohydrate components of the medium. This cAMP at 3 mM did allow an adenylate cyclasenegative mutant (cya -C57; from W. Dobrogosz) to induce the enzymes required for the utilization of the lactose present in eosin methylene blue plates. We conclude from these results that the effect of glucose on SOD synthesis was probably not due to catabolite repression.
Effect of a-methyl glucoside on SOD synthesis. It remained possible that adding 8 mM cAMP to the medium did not provide a high enough intracellular concentration of this cyclic nucleotide to overcome catabolite repression of SOD synthesis, another experimental approach was desirable. It has recently been shown that glucose lowers the intracellular level of cAMP by inhibiting adenylate cyclase and that the nonmetabolizable analogue a-methyl glucoside acts similarly (18) . We therefore studied the effect of 0.5%7 a-methyl glucoside on SOD synthesis in the glucose-free TP medium. Figure 6 demonstrates that a-methyl glucoside did not of growth and SOD synthesis by E. coli B in the TP medium. Growth was initiated in the TP medium containing 0.5% a-methyl glucoside uwith a 5% inoculum taken from a late-logarithmic-phase culture in glucose-minimal medium. act like glucose in preventing the induction of SOD, but it did decrease the specific growth rate and the yield of cells. We conclude that the effect of glucose in preventing the induction of SOD was not due to catabolite repression.
Effect of elevated levels of glucose. Transfer of an inoculum from a glucose-minimal medium to a glucose-free TP medium resulted in an increase in SOD which commenced almost immediately (Fig. 7B) . In contrast, when transfer was into a TP medium supplemented with 0.5% glucose, there was a 3-h lag before increased synthesis of SOD was apparent (Fig.  7A) . The TSY medium previously used for such a nutritional step-up experiment (Fig. 3) Relief of the glucose effect by paraquat. Paraquat (methyl viologen) is readily reduced to a semiquinone, which rapidly reacts with molecular oxygen, giving rise to 02 (19) Paraquat has been shown to increase the rate of production of 02-in biological systems (1, 2, 15, 16 We have seen that growth on glucose is associated with a low level of SOD and conclude that glucose does not directl depress the synthesis of SOD for the following reasons: e) cAMP did not reverse the glucose effect; (ii) ctmethyl glucoside did not mimic glucose; (iii) excess glucose did not prevent induction of SOD in the TSY and TP media once the pH had fallen to levels, which necessitated a shift from catabolism of glucose to use of nitrogenous compounds; and finally (iv) 1.0 mM methyl viologen caused a rapid and dramatic induction of SOD even in the presence of glucose. It appears likely that the level of SOD in E. (oli is controlled by the steady-state level of O. in the cells and that the fermentative catabolism of glucose leads to a lower rate of production of this radical than does the predominantly oxidative catabolism of nitrogenous compounds and organic acids. Cells placed in a complex medium such as the TSY medium at first derive most of their energy from fermentation and then shift to a predominantly oxidative metabolism when the glucose is exhausted or when the pH becomes dangerously low. The rate of synthesis of SOD is then a reflection of the rate of production of O,
